rates, this technique in its many facets provides insight into various processes such as energy transfer, electron transfer, excited state reactions, molecular rearrangements, plasmonic interactions, and complex formation [1] . These are undoubtedly the key effects determining the properties of materials at the nanoscale, which can lead to changes in fluorescence intensity. While enhancement of fluorescence intensity can be most frequently induced by coupling fluorophores with metallic nanoparticles [2], either through absorption or fluorescence rate increase, fluorescence quenching is often the result of energy transfer to neighbouring acceptors. If these acceptors can emit fluorescence, the energy transfer leads to an increase of acceptor fluorescence intensity [1]; its fluorescence dynamics can also be affected. Alternatively, in the case of non-emitting acceptors, the energy is dissipated non-radiatively, predominantly as heat. Such a scenario appears in hybrid nanostructures that involve metallic nanoparticles [3] or carbon-based materials [4] [5] [6] [7] . Following the first reports on obtaining graphene [8, 9] , a two-dimensional honeycomb carbon lattice known for its unique optoelectronic, thermal, and mechanical properties, several groups have applied this material as an acceptor in studying fluorescence of emitters placed in its vicinity [10] [11] [12] [13] . The results indicate that incorporating graphene in such structures provides unexplored opportunities in devising novel architectures possibly applicable in photonics, optoelectronics, and biosensing [12] [13] [14] [15] .
Introduction
Fluorescence microscopy imaging has evolved as an excellent method for investigating intermolecular interactions as well as coupling between light and matter. Due to sensitivity which enables the detection of photons emitted by individual molecules and also high acquisition peridinins, two chlorophylls a, and a lipid molecule, embedded in a protein capsule [25] . PCP is an unusual light-harvesting complex with a high peridinin:chlorophyll ratio (4:1) which results in a dominate contribution by the peridinins with regards to absorbing sunlight [24, 25] . In experiments we used PCP complexes obtained by reconstituting the apo-protein with appropriate amounts of pigments, as described by Hofmann and coworkers [26] . Fig. 1 shows the structure of the PCP complex. Orange and red molecules represent peridinins and chlorophyll a molecules, respectively. The distance between Mg atoms of the two chlorophyll a molecules is equal to 1.7 nm.
Graphene oxide was synthesized from graphite powder using the modified Hummers and Offeman method [27] . Reduced graphene oxide was prepared from graphene oxide by reduction with hydrazine. In our procedure, graphene oxide powder (2.5 mg) was dispersed in 5 ml of distilled water and placed in an ultrasound bath for 30 min. In a separate vial, 1.55 ml of 65% hydrazine monohydrate solution was added to 1 ml of distilled water. Then, 0.5 ml of the prepared hydrazine solution was added to 0.5 mg/ml graphene oxide solution. Finally, the mixture was transferred into a round bottom flask, put in an oil bath, heated to 100ºC and kept at this temperature for 24 h. After this time, a previously clear brown solution of graphene oxide turned into a black precipitate of reduced graphene oxide flakes. The final solution was washed 5 times with water and ethanol, and then filtered. The remained reduced graphene oxide flakes were dried, dissolved in distilled water, and left in an ultrasound bath for 1 h before further use. As estimated from XPS measurements, C/O = 7-10 and 1.7-2 ratios were measured for rGO and GO, respectively, indicating substantial reduction efficiency of the synthesis procedure [28] . Afterwards rGO flakes were dispersed in distilled water in an ultrasound bath.
At first we prepared three solutions of rGO in water, one with the initial concentration of C 0 = 0.5 mg/ml, and two dilutions: 1:10 C 0 and 1:100 C 0 . To prepare the samples, we mixed PCP complexes in 2% polyvinyl alcohol (PVA) with these three rGO solutions in a 1:1 ratio. The final PCP concentration in each sample was 0.2 μg/ml. In order to compare the results obtained for the rGO-containing samples, we also prepared a reference sample where PCP and PVA concentrations were the same as above and with rGO replaced by distilled water. The layers were obtained by spin-coating solutions on clean coverslips with the rotational speed of 1200 rpm for 2 minutes.
Absorption was measured at room temperature, in a quartz cuvette with a 1 cm optical path using a Varian Carry 50 UV-Vis spectrophotometer. Steadyimportant with regards to assembly of hybrid systems that involve rGO and biologically functional nanostructures, is solubility in water or buffers which allows for linking GO with (bio)molecules via covalent and non-covalent functionalization as well as electrostatic interactions.
As shown recently, both GO and rGO can quench the fluorescence of emitters placed in their vicinity with the resonance energy transfer being considered as the most probable source for this effect [4] [5] [6] [7] 11, [17] [18] [19] [20] [21] . Indeed, both GO and rGO materials can quench fluorescence of dyes or biomolecules [4] [5] [6] 17, 18, 22, 23] , quantum dots [7, 11] and conjugated polymers [19] [20] [21] . This property renders such hybrid materials as promising structures for biosensing or imaging [4, 6, 17] .
Here we present the optical studies of the interactions between a photosynthetic complex, peridinin-chlorophyllprotein [24] , and rGO. Both absorption, which for PCP extends over the whole visible range, and emission, which is characterized by high quantum yield (30%), make this natural light-harvesting complex a suitable probe. Fluorescence imaging indicates that the majority of the PCP complexes are quenched, however, there are many instances of strong emission enhancement, presumably due to interactions between emitters and the edges of rGO flakes. Our results open a new pathway of assembling hybrid nanostructures combining naturally evolved photosynthetic systems and graphene-based compounds.
Materials and methods
Peridinin-chlorophyll-protein is a water-soluble peripheral light-harvesting complex isolated from the algae Amphidinium carterae. It is external to the membrane and is responsible for absorbing and transferring energy to the photosystems. A monomer of PCP consists of eight the sample with 0.025 mg/ml rGO concentration. For the reference, the emission intensity is very homogeneous, as expected for a highly concentrated emitter. In this case the maximum intensity is about 5 kcps (Fig. 3a) and no specific fluorescence pattern can be observed. In contrast, for the sample where PCP complexes were mixed with rGO (PCP/rGO) we noticed the appearance of diffractionlimited spots with strongly enhanced emission intensity on top of otherwise homogeneous emission. For the lowest concentration of rGO in the sample (0.0025 mg/ml, not shown), the number of these high-intensity spots is the smallest and it increases monotonically with the rGO concentration. We note that, as displayed in Fig. 3b , the maximum intensity of these fluorescence spots reaches 25 kcps -a five-fold increase over the maximum values measured for the reference.
We attribute the emission spots observed for the hybrid structures to the PCP complexes, as in the experiment the spectral range is precisely selected using appropriate bandpass filters. In particular, the fluorescence detected for our sample is not associated with GO emission [16] as this is found in the range between 350 and 550 nm, which is approximately 200 nm away from the emission of the PCP complexes. This indicates that for ensemble of PCP complexes, both in the reference and in the hybrid structure studied in this work, there is no other contribution to the measured signal.
In order to quantitatively analyze the fluorescence imaging results, we extracted intensity histograms for whole fluorescence maps measured for PCP/rGO mixtures and the reference. Fig. 4a shows the result of such an analysis carried out for a single map (Fig. 4a) . In all cases we restricted the analysis to 20 x 20 micrometers state fluorescence measurements were performed using FluoroLog 3 spectrofluorometer (Jobin Yvon). A Xenon lamp was used for excitation and the signal was detected with a thermoelectrically cooled photomultiplier tube.
Fluorescence [29] . A LED illuminator (480 nm) equipped with bandpass filter (FB 480-10) was used as a light source. Excitation power was equal to 50 μW. Fluorescence of PCP was extracted by combining a dichroic mirror (Chroma T650lxpr) and a bandpass filter (Thorlabs FB 670-10). Fluorescence intensity maps and kinetics were collected with the electron multiplying gain of 300x and acquisition times from 0.25 to 0.5 s, depending on the experimental conditions. White-light transmission images were recorded with the same microscope, but as a light source we used a halogen lamp V2-A LL (12 V, 100 W).
Results and discussion
In Fig. 2 we show the optical spectra of the components used for fabricating the structures studied in this work. The recorded absorption spectrum of rGO is flat and characterized by one inflection point occurring around 270 nm (Fig. 1) , which is in agreement with previous work [30] . Both the absorption and emission spectra of the PCP solution are identical to those previously published [24] , indicating that the protein remains intact. Peridinins absorb light mainly from 350 nm to 550 nm, while chlorophylls absorb around 440 nm (Soret band) and 668 nm (Q Y band) [24] . The absorbed energy is rapidly (within a few picoseconds) transferred to the chlorophylls and emitted at a wavelength of 673 nm, as shown in Fig. 2 .
The influence of rGO on PCP fluorescence intensity was studied by fluorescence microscopy imaging. We acquired fluorescence maps of samples containing mixtures of PCP and rGO and compared the result with emission intensity maps obtained for a reference sample containing only PCP complexes. Three different concentrations of rGO were used: 0.25, 0.025, and 0.0025 mg/ml. In Fig. 3 we show fluorescence maps measured for the reference and areas of each fluorescence map to ensure homogeneous illumination of the sample and reduce any artifacts associated with non-uniform illumination. Importantly, the distribution of fluorescence intensity measured for this sample features a Gaussian shape, while the results obtained for PCP complexes mixed with rGO are more complicated. Initially, the majority of the distribution can be approximated with a Gaussian function as in the case of the reference, but the maximum of this distribution shifts towards lower values with increasing concentration of rGO. In addition, we find numerous bright emission spots spread out randomly on the fluorescence images. For the histograms extracted for all fluorescence images, both effects are more pronounced, as displayed in Fig.  4b , indicating that the shift towards lower values of the majority of fluorescence and appearance of bright emission spots are systematic in nature. Importantly, by taking into account all the images we also demonstrate monotonic dependence of both effects on the rGO concentration. Indeed, for the highest rGO concentration (0.25 mg/ml) we find the largest number of bright fluorescence spots and furthermore, they exhibit the highest intensity. The results of fluorescence imaging of PCP/rGO mixtures strongly suggest that incorporation of rGO provides both quenching of emission and formation of strongly enhanced spatially-localized emitting sites.
In order to get some insight into possible origin of this bimodal behaviour, we imaged a few large rGO aggregates, which can be observed in whitelight transmission imaging, as shown in Fig. 5a . A complementary fluorescence map acquired for this exact location is shown in Fig. 5b . Red horizontal lines represent cross-sections through both transmission and emission images. Panels numbered 1-6 show emission and transmission profiles superimposed on top of each other. Even without any detailed analysis, the comparison of the two images shown in Fig. 5a and b suggests that enhanced emission occurs for PCP complexes at the edges of the flake and perhaps on its thin sections. In contrast, when the thickness of the aggregate is large, the fluorescence of PCP is efficiently quenched.
The relation between transmission and fluorescence images can be quantified using for instance Pearson correlation coefficients [31] Fig. 5 , where corresponding cross-sections are plotted. These results may suggest that when a region outside the flakes is considered, the correlation between emission and transmission is low (line 1). For a thin rGO flake we find negative correlation, which could imply that PCP complexes placed at the edges of rGO experience fluorescence enhancement. Finally, for the thickest part of the flake shown in Fig. 5 , where both transmission and fluorescence exhibit a strong decrease, the quenching is the dominant effect. Simultaneous imaging of fluorescence intensity and transmission through the sample allows us to probe these three qualitatively different scenarios of interaction between emitters and graphene-based nanostructures with the actual outcome being dependent on local structure and morphology.
The results of fluorescence imaging of PCP/rGO hybrid nanostructures show bimodal influence of rGO on the optical properties of light-harvesting PCP complexes. While the majority of the PCP complexes exhibit quenching of the emission, we also observe localized spots with strongly increased fluorescence intensity. The scale of this effect, both in terms of the number of these localized spots as well as their intensity, depends on the rGO concentration. Emission quenching by rGO, which is a signature of efficient energy transfer, was previously reported for several different emitters [5, 7, 10, 11, [17] [18] [19] [20] [21] [22] [23] .
More interesting is the appearance of the localized highintensity spots across the sample surface, as evidenced by fluorescence imaging of PCP/rGO composites. While the exact mechanism is not currently clear, the combined results of imaging in emission and transmission modes point out that the emission intensity of the PCP complexes is enhanced at the edges and/or on thin layer of rGO flakes. Further experiments, in particular combining fluorescence microscopy with atomic force microscopy or applying time-resolved fluorescence techniques, should provide more detailed insight into this effect.
